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Mutations in the gene encoding the amyloid protein precursor 
(APP) cause autosomal dominant Alzheimer's disease Cleavage 
of APP by unidentified proteases, referred to as p- and 7- 
secretases**', generates the amyloid p-pcptide, the main compo- 
nent of the amyloid plaques found in Alzheimer's disease 
patients*. The disease-causing mutations flaak the protease clea- 
vage sites in APP and facilitate its cleavage. Here we identify a new 
membrane-bound aspartyl protease (Asp2) with P-secretase 
activity. The Asp2 gene is expressed widely in brain and other 
tissues. Decreasing the expression of Asp2 in cells reduces amyloid 
p-peptide production and blocks the accumulation of the car- 
boxy-lerminal APP fragment that is created by P-secretase cleav- 
! age. Solubilized Asp2 protein cleaves a synthetic APP peptide 
j substrate at the P-secretase site, and the rate of cleavage is 
j increased tenfold by a mutation associated with early-onset 
\ Alzheimer's disease in Sweden\ Thus, Asp2 is a new protein 
; target for drugs that are designed to block the production of 
I amyloid p-peptidc peptide and the consequent formation of 
t amyloid plaque in Alzheimer's disease. 

I Visual inspection suggests that the P- and 7-sccretase cleavage 
I sites in APP might be substrates for cleavage by aspartyl proteases, 



and indeed, caihepsin D cleaves synihetic p-secretase substrates'. 
This cleavage is facilitated by the KM — ► NL mutation, referred to as 
the 'Swedish' ~ mutation, found in patients with early-onset 
Alzheimer's disease^^ however, APP processing to amyloid p (Ap) 
peptides occurs normally in hippocampal neurons cultured from 
cathepsin-D-nuU mice'\ Nevertheless* it seemed plausible that the 
APP p- or y-secretases could be as yet uncharacterized aspartyl 
proteases; therefore, we searched for new human enzymes of this 
mechanistic set. Sequencing of the Caenorhabditis elegans genome 
was Hearing completion, which offered the possibility of enumerat- 
ing the complete set of aspartyl proteases encoded in a simple 
metazoan genome, and using these as a bridge to human sequence 
databases. v- 

Simple AWK scripts scanning for the D(S/T)G active-site motif, 
PROSITE and hidden Markov models were used to search the 
WormPep database of predicted C eUgans proteins. This revealed at 
least 10 candidate aspartyl proteases. Seven of these ten were found 
on a single chromosome, chromosome V {F21FS.3, F21F8.4, 
F22FS.7, Y39B6BJ, Y39B6B.H ind T1SH9.2), and three 

each of these were found in the same cosmid clones (F21FS and 
Y39B6B), suggesting that they represent a recently evolved family of 
proteins that arose by ancestral gene duplication. Other homolo- 
gous prediaed genes were found in the same cluster {F21F8,2, 
F21F8.6 and Y39B6B.r}l however, these contain only a single DTG or 
DSG motif. Additional predicted aspartyl protease genes were 
found on chromosomes IV {C11D2.2) and X {R}2H7,2 and 
H22KU.1). Searches of vertebrate expressed sequence tag (EST) 
databases with the 10 C elegans sequences identified 7 known and 4 
new candidate aspartyl proteases. The new human sequences were 
numbered in order of their discovery (Asp 1-4). RI2H7.2 and 
H22K11.1 appear to be C. elegans homologucs of cathepsin D. 
Most of the chromosome V aspartyl proteases had no clear verte- 
brate orthologues; however, one of these (T18H9.2) bridged to two 
unusual sequences (Aspl and Asp2) which contained the less 
common DSG motif in the second active site. In turn, CUD2.2 
identified two additional sequences (Asp3 and Asp4) which have 
since been reported in the literature as napsins A and B'^, 

The two predicted aspartyl protease sequences identified by 
T18H9.2 were of greatest interest. Completion of their sequences 
by a combination of EST sequencing, 5' rapid amplification of 
complementary DNA ends by the polymerase chain reaction, and 
library screening showed that both Aspl and Asp2 had an unusual 
C- terminal extension containing a single predicted transmembrane 
domain (Fig. 1). Aspl maps to human chromosome 2lq22 within 
the Down's syndrome critical region, and A5p2 to chromosome 
Ilq23-24. Northern hybridization to human tissue blots showed 
widespread expression of both Aspl and Asp2. Both are expressed at 
the highest levels in pancreas. Asp2 is also expressed at high levels in 
brain, whereas Aspl is expressed in brain at somewhat lower levels. 
In situ hybridization showed expression of Asp2 primarily in acinar 
cells of the exocrine pancreas, whereas faint hybridization was seen 
over neurons in hippocampus; however, we identified two Asp2 EST 
in a human astrocyte cDNA library indicating that Asp2 may be 
expressed in both neurons and glial cells. Transcripts for both Aspl 
and Asp2 were expressed in human enxbryonic kidney 293 cells, 
human IMR-32 neuroblastoma cells and mouse Heuro-2a neuro- 
blastoma cells, three commonly used cellular models of APP 
processing. 

We used a panel of antisense oligomers to test the involvement of 
each of the four predicted aspartyl proteases in APP processing by a 
stable clone of HEK293 ceUs that had been engineered to process 
APP to AP peptides at high levels. These cells were transformed with 
a modified human APP695 cDNA containing the Swedish 
KM — NL mutation to which two lysine residues had been added 
to the C terminus (HEK/APP-Sw-KK cells). The KK motif greatly 
increases the processing and release of Ap peptides but docs not 
influence the ratio of Ap42/(AP42 + Ap40), nor alter the effect of 
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Hgure 1 Asp2 functional domains, tissue distribution and amino-acid sequence, 
a, Alignment of the predicted primary structures of Asp1 -Asp4 with human renin. Aspl 
and Asp2 (51% amIno-acid identity) have a DSG motif in the second predicted active site 
and possess an unusual C-temiinal extension containing a single predicted 
transmembrane domain (TM). The pfedicted signal peptide for secretion (open box) and 
the nunrvbef of residues in each domain is indicated, b. Tissue distribtition of human Asp2. 

the KM — ► NL or V717F mutations. These mutations increase total 
Ap processing*'^ or selectively increase the production of Ap42*, 
respectively. Thus, the HEK/APP-Sw-KK cells provide a sensitized 
background on which to screen for inhibition of Ap processing, 

Transfection of HEK/APP-Sw-KK cells with the panel of 16 
antisensc oligomers (four each targeting Aspl-Asp4) showed that 
only those oligomers targeting Asp2 considerably decreased the 
release of Ap peptides into the medium. TVo of the Asp2 antisense 
oligomers were chosen for resynthesis, as well as for synthesis of two 
additional oligomers containing the reverse sequence for use as 
controls. Their effects on transfected HEK/APP-Sw-KK cells are 
shown in Fig. 2. Both of the antisense oligomers targeting the 
human Asp2 transcript reduced Asp2 message levels, whereas the 
control reverse oligomers did not. Both also reduced the release of 
Ap peptides into the culture medium. The inhibition of Ap release 
ranged from 50% to 80% in many separate experiments and 
probably was dependent upon transfection efficiency. The antisense 
oligomers reduced the production of both Ap40 and Ap42 by 
roughly the same amount. The reduction of Ap peptide production 
also was confirmed by immunoprecipitation and western blotting. 
This indicates that Asp2 maybe involved directly or indirectly in the 
production of Ap peptides and their release from HEK293 cells. 

Because HEK293 cells derive from kidney» we extended the 
experiment to human IMR-32 neuroblastoma cells, which express 
all three APP isoforms" and which release Ap peptides into 
conditioned medium at measurable concentrations", and obtained 
essentially identical results. The Asp2-1A and Asp2-2A antisense 
oligomers reduced Asp2 messenger RNA by 75% and 39%, respec- 
tively (quantitated using a TaqMan probe), whereas the reverse 
control oligomers had no effect- Correspondingly, release of Ap40 
and Ap42 was reduced by 49 ± 2% and 42 ± 14% from cells treated 
with Asp2-1A. and by 43 ± 3 and 44 ± 18 with Asp2-2A 
(P < 0-001). Again, the reverse control oligomers had no effect. 

Similar results were obtained in a murine system. Molecular 
cloning of the mouse Asp2 cDNA revealed a remarkable 98% 
amino-acid identity to human (Fig. Ic) and complete nucleotide 



mRNA expresskxi as shown by northern hybridization. The relative jnoiecular mass {A() of 
each fransCTipl is indicated, c, (ilustal W sequence afighirtert of from human (lop 
fine) and mouse (secorvd line), The signal peptide is indicated in itaftcs, the predicted 
transmembrane domain Is underlined, and the acth«-site sequences are in bold. Arrow 
Indicates the N terminus of purified recombinant Asp2 expressed in CHO cells. 



identity at the sites targeted by the Asp2-1A and Asp2-2A antisense 
oligomers. In mouse Neuro-2A cells engineered to express APP-Sw- 
KK, the Asp2-1A antisense oligomer reduced the release of AP40 
and Ap42 by 70 ± 7% and 67 ± 2%. whereas a reduction of 
61 ± 12% was seen for the release of both AP40 and Ap42 from 
cells treated with Asp2-2A (P < 0.001). The reverse control oligo- 
mers had no effect. Thus> the three antisense experiments with 
HEK293, IMR-32 and Neuro-2a cells indicate that Asp2 is direcdy 
or indirectly involved in AP processing in both somatic and neural 
cell lines. 

Treatment of HEK293/APP-Sw-KK cells with the Asp2 antisense 
oligomers had little effect on the release of total soluble APP (sAPP) 
from cells although they did appear to alter the ratio of sAPP 
isoforms released by cither a- or p-secretase cleavage (Fig. 3). These 
cleavages generate species of soluble APP (sAPPa and sAPPp, 
respectively), which contain different C termini which can be 
distinguished by the 6E10 monoclonal antibody that recognizes 
Ap residues 1 - 16. As shown in Fig. 3b, no change in the release of 
total sAPP is shown on western bloU developed with the 22C1 1 
monoclonal antibody that reacts with an amino-terminal epitope of 
APP, whereas development with 6E10 shows an increase in sAPPa 
release from cells treated with either of the Asp2 antisense 
oligomers. An enzyme-linked inmiunosorbent assay (EIA) specific 
for sAPPa showed that release increased at least twofold, from 
2.8 M-gml"* to 6.7 M-gml'^ (P < 0.005), in cells transfected with the 
Asp2-2 antisense oligomer. 

Cleavage of APP at either the P- or a-secretase sites also leaves C- 
terminal fragments containing the APP transmembrane domain 
and cytoplasmic tail. These contain 99 and 83 amino acids {CTF99 
and CTF83), respectively (Fig. 3a). Indeed, in HEK293/APP-Sw-KK 
cells treated with Asp2 antisense oligomers, the amount of the 
CTF99 P-secretase product is reduced (Fig. 3c). Correspondingly, 
co-transfection of HEK293 cells or Neuro-2A cells with human 
Asp2 and APP-KK increases the production of CTF99 in compari- 
son with cells co-transfected with APP-KK and empty vector DNA. 
Production of CrF99 is increased still further in cells co-transfected 
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Rflure 4 Asp2 increases Ap peptide release, a, Prcxluction of Ap40 from J€K293 cells 
transfonmed with Asp2 or empty vector DMA (pcDNA) subsequentfy transfected wrth the 
indicated APP constructs, b, Prodxtion of A^42 as in a. c, Ratio of Ap42/{Ap42+Ap40) 
produced as in a. The APP constructs were transfected in quadruplicate cultures (asterisk, 
P < 0.05; double asterisk, P < 0.001). d, Production of A^40 and A$42 by IMR-32 
cells co-lransfected with APP-Sw-KK and either Asp2 or empty vector DNA, 

ceUs transformed with the empty vector. This effect is cell -line- 
dependent as co-transfection of IMR-32 cells with vectors expres- 
sing Asp2 and APP-Sw-KK results in more than a twofold increase 
in the production of both A340 and Ap42 in comparison with cells 
co-transfected with the APP-Sw-KK construct and empty vector 
DNA (Fig. 4d). Differences in the level of Asp2 expression or its 
localizaton within HEK293 or lMR-32 cells may account for this 
difference. 

We obtained direct evidence that Asp2 possesses P-secrctase 
activity using biochemical studies that measured purified Asp2 
proteolytic activity against synthetic APP peptide substrates. 
Native, full-iength Asp2 was expressed in Chinese hamster ovary 
(CHO) cells. Its behaviour on cell fractionation, detergent solubi- 
lization and purification by sequential chromatography was con- 
sistent with that of an integral membrane protein. Sequence analysis 
of the purified recombinant protein indicated a major N-terminal 
sequence beginning with a glutamic acid (arrow in Fig. Ic); 
however, at present, it is unclear whether this is the N terminus of 
mature Asp2. 

Two peptides were designed for assaying p-secretase activity. The 
first contained the wild-type APP p-secretase site, whereas the 
second contained the Swedish KM — » NL modification of the P- 
secretase cleavage site. Maximal activity was seen with the Swedish 
P-secretase peptide. As expected for an aspartyl protease, proteo- 
lytic activity was sensitive to pH with maximal hydrolysis seen at pH 
5.0. Amino- terminal sequencing of the two cleavage products 
verified that cleavage occurred at the sequence NLl DA (Fig. 5a). 
The rate of cleavage was reduced tenfold in the corresponding wild- 
type APP peptide (Fig. 5b). Proteolytic activity was insensitive to 
8 ^iM pepstatin or a mixture of lOjtM leupeptin, 10 jiM E-64 and 
5 mM EDTA, inhibitors of cathepsin D (and other aspartyl pro- 
teases), serine proteases, cysteinyl proteases, and metalloproteases, 
respectively. 'Mock* preparations of unmodified CHO cell mem- 
branes did not contain substantial Asp2-Iike activity. Thus, Asp2 
acts directly in cell-free assays to cleave synthetic APP peptides at the 
P-secretase site, and the rale of cleavage is greatly increased by the 
Swedish KM NL mutation associated with Alzheimer*5 disease. 

Our experiments associated a new human aspartyl protease with 
the processing of APP at the p-secretase cleavage site. This protease 
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Figure 5 Asp2 p-secretase cleavage activity, a, Reverse phase profile showing the 
products of Asp2 cJeava^. The amtrro-acid sequences of the parent peptide and the two 
hydrolysis products are iitdicaled. b, Relative rates of hydrolyste of v«W-type (Iriangles) 
and Swedish (squares) APP p-secretase peptides by Asp2. 

contains an unusual C-terminal transmembrane domain that may 
help it colocalizewith APP within cellular membranes where Ap 
processing occurs. The expression pattern of Asp2 suggests a normal 
function in the brain, as well as in the exocrine pancreas. Our data 
indicate that Asp2 functions in the p-secretase pathway in ceU lines 
of both somatic and neural origin, and that the enzyme meets many 
of the criteria expected of a APP P-secretase, Whether or not other 
enzymes also possess P-secrctase activity is not excluded by these 
experiments. We note that identification of Asp2 as a candidate APP 
p-secretase has been reported independently by two other 
gfoups'^'^*. Thus, inhibitors of Asp2 will provide a new approach 
to the treatment of Alzheimer's disease. □ 

Methods 

Reagents 

Northern hybridization was perfonned usin^ human tissue blots (Qomech). Chromo- 
somal localization was perfonned by Genome Systems, Joe. In situ hybridization to human 
tissues was performed by LifeSpan fiiosdences» Inc. We used 6E10 and 4G8 (Senetck), 
22C1 \ (Boerhinger-Mannheim), LN27 (Zymed Laboratories) Rbl62 and Rbl6S (New 
Yorit Institute for Basic Research), 369 (Paul Greengard), and CB (Dennis Selkoe) 
antibodies. OUgofectin-G and the AspZ-l {5'-CCCATAACAGrrGCCCGTGGATGACT-3') 
and Asp2-2 (5'-GAACTCATCGTGCACATGGCAAGCG-3') chimeric antisense oligo- 
mos were from Sequitur, Inc. APP constructs were assembled in the veaor pIRES 
(Oomech). Asp2 conslrucU were assembled in the vector pcDNA3.1/hybro (Inviirogen). 
The sequence for the HEX-labeUed TaqMan probe (Perkin Elmer) was 5'-AGGGCAA 
CAACGACGCCGAATTACA-3'. Amplification was performed with the primer pair 5'- 
TCAGAGCAGCCAATGGCC-3' and S'-GCCTGTAGGTGGCTGGACA-3'. 

Transfedf on and ImmunodetecfkH) 

Otigofectin~G was used for lipid>mediated transfection of antisense oligomers into 
cultured cells according to the manufecturer's protocol SupematanU and ceD lywtes were 
harvested 72 h after transfection. Transfcction of plasmid DNA was pcrformciJ using either 
the calcium phosphate method or Lipofectamine (GIBCO-BRL). The total amount of 
DNA used for transfection was held constant by adding empty vector DNA to the 
transfection mixture. Cell lysatcs and supemaUnis were harvested 48- 160 h afker 
transfection. CcDs were lysed with 10 mM HEPES, pH 7.9, 150 mM NaQ, 10% glycerol. 
I mM EGTA, J mM EDTA, 0.1 mM sodium vanadate and 1% NP-40. Equal amounts of 
protein (50 jig) resolved on 4-12% Tridne gels (Nover), and transferred to 
nitrocellulose membranes for probing with 6EI0. 22CI 1 or C8 antibodies. For 
immunopredpitation, equal amounts of protein corresponding to one plate of ccDs were 
incubated with C8 or 369 antibody at 4 'C overnight, captured with protein A/protein G 
agarose beads, and processed for western blot detection of CTF99 with 6E10. The Ap ElA 
was done as described" using 6E10 monoclonal antilwdy as t capture antibody and 
biotinybted Rbl62 or Rbl65 antibody for detection of A^40 and A342, respectively. The 
sAPPa EtA used LN27 antibody as a capture antibody and biotinylated 6E 10 for detection. 

Proteolytic activfty assays 

Recombinant Asp2 was purified from CHO cell membranes by solubilization in 25 mM 
Tris-HQ. pH 8 0, containing 50 mM ^-octytglucoside followed by sequential 
chromatography on MonoQ and MonoS columns. Material prepared in this manner was 
more than 95% pure by SDS-PAGE analysis. Activity assays for Asp2 were performed 
using synthetic pq^tide substrates containing either the wild-type APP ^sccretase site 
(SEVKM I DAEFR) or the Swedish KM -* NL mutation (SEVNl 1 DaEFR). Reactions 
were performed in 50 mM 2-(N-morphoIino)ethane-snlfonate, pH 5.5, containing 70 fiM 
peptide substrate and recombinant Asp2 for various limes at 37 'C. The reaction products 
were quantified by reverse phase HPLC The sequence of both products was confirmed 
using Edman sequencing and MADLI-TOF mass spectrometry. 

NATURE I VOL 402 1 2 DECEMBER 1 999 1 www.nalure.com 



BNSOOCID <XP 2136300A_L> 



} 



Rccnved t9 Qctobcn zcc^ 5 Novnnbrr 1 999. 



3. 



Own. M. n .t Mutation of *, 1«. .—lu 
"• Omntr. G. a ft c W AM-: > j- 

IJ T.i»di, p. „^ Nv^bL o^m. 2^w-ln*^ (19*;). »~«"P« 

» NciaD,Hugl«,D..Ej„ |Lllim..B r » 

••»«WcdlK»,i»,U*^.^'^'^*'«^^ 

15 D. Sttoopn, B. DrfdmcTof o«,^ 7^ *''**™"^ »* >02«-l027« (1»95) 
K. Maxuse. S. n «/. tSkai of PCi ' 



Acknowtedgemeitis 



•nd good humour ^ ^ McOD fo, hi, ualfagpng „ppor, 



Puifficatfon and dig if i^^^^^ 

precursor protein p-secrelase from 
human brafn 



the miitan, substrate'. Here we ''"^S* of 

««ynie activity tha, deaves Mi-uS^l "emb^ne-bound 
cleavage site, and find it to be th7n«^!^4 „ P-secretase I 
li. human b«ta. We hai p^edST^!!^' P^-^'^* 
geneity from human bfiKsl^l ^* f^^'^ '«> •» •"«»- 
•^""•tor of the e^Sn^ttiSr^andT 
enzyme has aU the p^p^rti« /''^ P-^fied 

•nd egression of^r^^l'tS:^,^''^^^'-^-^ 

*e^e,«eb.„ewmembnuXu^S,^*Jir*« P- 

P-cIeaved soluble APP fft cappi P'*'*""***- 
isolated from 293 Jis^blv ov^l ^T^"^ ^ membranes 
SweAPP75I. by w«Sem So, a^Z^'^*"!** 'Swedish' mutation. 

(P-sAPP)-q>e5fi. anZiy SwSS'^l^ 
b«nes a, pH 5.5 led to an La^^^.tl '^^^''''^ *^ 
the appearance of a fcter m^^^^'rT^.^''^ P'^R «d 
O-glycanase resulted i^^hT S^m^!^" ^I*- treatment vdth 
bands at the size ofti.TlZr^'ZZndttT'T^^^^ 
speaes resulted from B-deavaeTof m^^K '^""'^ *'™Jler 
sylated immature APP (datonrS,^ "'^mbrane-assodated Mglyco- 

v;i.hthespedficd«v^eX"r^':^ri^^ 

Ivamembrane-bound proteinase a<Si^7™liK^"*^t^'*''* 
deavage activity exhibited a prefS'S- ^ "^r'^^^^'P- 
optimum value of pH 5 5 Co in^hlf" ■ f^**'^ P"' ^th an 
inhibitor,, such as p^s^t^ E «t ^h"":!^ 1 
ide. did no, affect gen^^^ °J Sf;'f?^'^>J"lphonyl fl^ ' 

shown). Wadding the r^anTr^^ Stom'JZ 
tome conditions did not lead to loss of the me^r ''>^- 
deavage enzyme activity (FJj-i \TT^''^''-'^'^<^3t^P- 
'-^br.nJZ.mT^Sn&fl^^^'!' -^"tracted P2 
coside to tes, the «ty of e^e aS °^^^*'■''',^:r^8'"- 
natantfiactionswereassavMforB^ * 
recombinant -bst«tr MBP^^Sw^sS^ 
detertedonlyintheTritonX-lOoSiL '^''^ ^« 

lOOand assa'y^ng fo^ p'cl^^X ^''^ Triton X^^' 

and brain regions had unifo'r^y Vgh j^T"^^^^^ 

Cner^h^Se-^^^^^^^^^ 
C^^andChinesehamstefo^'i^^^teK 
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ProteoIyUc processinp f tJhe amiL- J - 
generates amyloid p (Afi) p^tKl5 ^'f P'*>«*^in (APP) 

^or the patJioW anlT k ' " ihou^t t be causal 



-Saponin 



♦ Saponin 



Rflure 1 EnctogeiMussUKtfate deavage by B-secrelase to P5 

"^nipnepafBdlrom 293 celb stably trLl^^^ 

0.1% saponin (+ saponin) or used dit^T VV ^ 

acelale. pHS.SaS^SSiS'^ f^*^- ""^^ 0' " sodium 

antibody. *i, febitive nSbrS P-='eavage-spec«ic I92sw 
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